Introduction
In recent years, ferroelectric nonvolatile memory devices (FRAM) have been actively studied. There are mainly two kinds of FRAMs: a memory cell using a transistor and a ferroelectric storage capacitor (1T1C), and metal-ferroelectric-(insulator)-semiconductor FET. But conventional MFS structures have many problems such as the formation of Si-related compounds at the interface between the ferroelectric film and Si substrate [1] , highly trapped charge density and the diffusion of elements into the Si substrate due to the high deposition temperature [2] . In order to solve these problems, the metal-ferroelectric-insulator-semiconductor (MFIS) structure has been demonstrated. The insulator film could act as not only a diffusion barrier but also a template layer for the growth of ferroelectric films with preferred orientations [3] [4] . It could affect the crystallinity, grain size, growth orientation and ferroelectric properties of ferroelectric films. In this work, PbO was used as the insulator for not only the diffusion barrier but also the seed layer The objectives of the present study are to investigate the effects of the partial pressure ratio during PbO buffer layer deposition on interface condition and electrical properties of Pt/PZT/PbO/Si (MFIS) structures.
Experiment
The PbO buffer layers were deposited by using the r.f. magnetron sputtering method on the Si substrate at the substrate temperature of 300°C under varying the oxygen partial pressure. The PZT thin film was deposited on the PbO/Si substrate by the r.f. magnetron sputtering method with the Pb 1.1 Zr 0.53 Ti 0.47 O 3 target (2 in. diameter; 1/4 in. thick). Thin films were crystallized without the post-annealing process in order to prevent the volatilization of Pb. The thicknesses of the PbO and PZT thin films were measured by the micrographs of the cross-sectional field-emission scanning electron microscopy (FE-SEM, Hitachi-4200, Japan) and the Mechanical Stylus (Tencor α-step, USA). The composition depth profiles of the PZT/PbO/Si structure and chemical bonding conditions were analyzed by the X-ray photoemission spectroscopy (XPS, ESCALAB 250, UK). The capacitance-voltage (C-V) characteristics were measured by using the HP 4192A impedance analyzer.
Result and discussion XPS depth profiling (II): The partial pressure ratio effect on the chemical states of the elements in the PZT films with the PbO buffer layer on the Si substrate. Fig. 1 displays the high resolution XPS depth profiles of the PZT (400)/PbO (300, Ar:O 2 =9:1)/Si structures (Film I); the O 1s ( Fig.  1 (a) ), Pb 4f7/2 ( Fig. 1 (b) ), and Si 2p ( Fig. 1 (c) ) spectra, respectively, along the direction of the film thickness. By fitting O 1s spectra for the surface layer (shown in Fig. 1 (a) ), the peak consists of two components at binding energy of 529.8 and 531.7 eV, respectively. The former component indicated metal oxide in the PZT bulk layer and the latter component hydroxide was due to the surface contamination. The oxygen spectra for the PZT layer region of the Film I show a single peak at 530.6 eV, which is due to the oxygen included in PZT, whereas another peak at 531.1 eV has been observed in the PZT/PbO interfacial region and PbO layer. The presence of additional peak at the higher energy side was due to the oxygen of the lead oxide. We could clearly observe three O 1s peaks of 533.8 eV, 531.8 eV, and 531.1 eV at the PbO/Si interface. It is easy to assign the peak with the highest binding energy to the oxygen associated with Si-O-Si bond, the binding energy of 531.8 eV was resulted from the oxygen affiliated with the Pb-O-Si, respectively. This means that SiO 2 , Pb-O-Si bond, and PbO coexisted at the surface of the Si substrate, and it could be also confirmed at the depth profiling. The binding energy of O 1s at 533.5 eV indicated the existence of SiO 2 at the surface region of the Si substrate. Fig. 2 (b) shows the depth profile high resolution XPS spectra of Pb 4f7/2 of the Film I. The Pb 4f7/2 peak at 138.2 eV corresponding to Pb oxide was observed at the film surface. This peak was shifted to the higher binding energy of 138.6 eV in PZT layer. Two components of metallic Pb at 137.1 and Pb oxide of PZT at 138.6 eV were fitted for the second level of Pb 4f7/2 depth profile XPS spectra. The appearance of metallic Pb can be explained by the reduction of Pb 2+ ions to Pb 0 due to the preferential sputtering of the Ar ions. The peak area ratio of metallic Pb to Pb oxide was increased with depth in the PZT layer, then, reduced in the PZT-PbO interface. It can be seen that the peak at 139.6 eV including a low intensity shoulder at 138.5 eV in the PZT/PbO interface and only one peak at 139. 6 eV related to PbO were observed in the PbO layer. At the interfacial region of PbO/Si and the surface of the Si surface, another Pb 4f7/2 peak appeared at the binding energy of 138.9 eV but its amount is relatively small. This peak is the PbSiO 3 resulted from the interaction between PbO and SiO 2 in the PbO/Si interface, and remained on the Si substrate at the atomic weight % of about 5 %. As shown in Fig. 2 (c) , the Si 2p peak of 103.8 eV is observed in the interfacial region of the PbO/Si layer and on the surface of the Si substrate. This peak is assigned to SiO 2 , which might be produced by the oxidation of Si due to the effect of the high substrate temperature. The result could be confirmed by the appearance of the O1s peak of 533.8 at Fig. 1 (a) . Fig. 2 (a) ), Pb 4f7/2 ( Fig. 2 (b) ), and Si 2p (Fig. 2 (c) ) spectra, respectively. At the Film II, almost the same composition of each element was obtained from the depth profile as that of the Film I. However, the well-defined O 1s peak at 531.1 eV and Pb 4f7/2 at 139.5 eV have been observed at the PbO layer region. Moreover, the Pb 4f7/2 spectra revealed separated peaks of metallic Pb and Pb oxide in the PZT layer, and the peak area ratio of metallic Pb to Pb oxide in the PZT layer was much higher than that of the Film I as shown in Fig 2 (b) . In contrast to the Film I, a small amount of the Pb 4f7/2 peak at 138.9 eV and the O 1s peak at 531.8 eV related to the Si-O-Pb bond were observed at the PbO/Si interfacial region for the Film II. The Si 2p peak of 103.8 eV and the O 2s peak of 533.8 eV, in accordance with the literature, also explained the existence of the SiO 2 layer on the Si substrate [5] . (Fig. 3 (a) ) and Pb 4f7/2 ( Fig. 3 (b) ), respectively. Little difference can be seen at the high resolution XPS depth profiling between Film II and Film III except that the peak area ratio of metallic Pb to Pb oxide in the PZT layer was much higher than that of the Film II. We assume that this increase of metallic Pb has relationship to Pb deficiency in Film III (Fig. 1 (c) ). In conclusion, from the XPS results, we can speculate that the partial pressure of oxygen during PbO deposition could affect the interface condition of PbO/Si and the chemical state of Pb existing at the surface of the PZT thin film: as the pressure of the oxygen (PO 2 ) increases, the PbSiO 3 formed from the interaction between PbO and SiO 2 at the PbO/Si interface decrease, and the peak area ratio of metallic Pb to Pb oxide in the PZT layer increases.
The electrical properties of the Pt/PZT/PbO/Si (MFIS) structure. Fig. 4 shows C-V characteristics of Pt/PZT (400)/PbO (300)/Si structures with PbO buffer layers deposited at the different partial pressure ratios between Ar and O 2 . The value of memory window at the applied gate voltage of 9V increased from 2.0 to 3.0 V as partial pressure ratios between Ar and O 2 increased from 9:1 to 7:3. It was assumed that the Pb-O-Si bond (PbSiO 3 ) decreases as the partial pressure of the oxygen (PO 2 ) increases. On the other hand, the value of memory window at the same applied voltage decreased to 0.9 V as the partial pressure ratios between Ar and O 2 increased to 6:4. It was assumed that, at the PZT layer, Pb deficiency related to the increase of metallic Pb was much higher than that of the 7:3 partial pressure ratios. In the present controlled-partial pressure experiments, the optimum partial pressure ratio for the deposition of the PbO buffer layer was 7:3. This agreed with the other results obtained from the XPS depth profile and XPS spectra analysis.
Summary
To investigate the electrochemical properties and interface condition, Pt/PZT/PbO/Si with the MFIS structure was deposited on the p-type (100) Si substrate by the r.f. magnetron sputtering method with Pb 1.1 Zr 0.53 Ti 0.47 O 3 and PbO targets. We found that the memory window and interfacial condition are dependent on the partial pressure ratio during the PbO buffer layer deposition. We could confirm that as the partial pressure of the oxygen (PO 2 ) increases the PbSiO 3 at the PbO/Si interface, and the peak area ratio of metallic Pb to Pb oxide in PZT layer increases through the X-ray photoelectron spectroscopy (XPS) analysis. In particular, the maximum value of the window memory for the PZT/PbO/Si structure with the PbO buffer layer deposited under the partial pressure ratio of 7:3 was 3.0 V in the applied gate voltage range of 9 V. From these results, we could assume that the PbO buffer layers play a role of the diffusion barrier between the PZT thin film and the Si substrate as well as the seed layer.
